Deterministic and ensemble storm surge prediction for Atlantic Canada with lead times of hours to ten days  by Bernier, Natacha B. & Thompson, Keith R.
Ocean Modelling 86 (2015) 114–127Contents lists available at ScienceDirect
Ocean Modelling
journal homepage: www.elsevier .com/locate /ocemodDeterministic and ensemble storm surge prediction for Atlantic Canada
with lead times of hours to ten dayshttp://dx.doi.org/10.1016/j.ocemod.2014.12.002
1463-5003/Crown Copyright  2014 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author. Tel.: +1 514 421 5235; fax: +1 514 421 4206.
E-mail address: natacha.bernier@ec.gc.ca (N.B. Bernier).Natacha B. Bernier a,⇑, Keith R. Thompson b
aRecherche en Prévision Numérique Environnementale, RPN-E, Environment Canada, 2121 TransCanada Highway, Dorval, QC H9P 1J3, Canada
bDepartment of Oceanography, Dalhousie University, 1355 Oxford Street, Halifax, NS B3H 4R2, Canada
a r t i c l e i n f o a b s t r a c tArticle history:
Received 22 July 2014
Received in revised form 1 December 2014
Accepted 4 December 2014
Available online 29 December 2014
Keywords:
Storm surge
Ensemble forecasts
Coastal ﬂooding forecastRegional deterministic and ensemble surge prediction systems (RDSPS and RESPS respectively) are used
to forecast sea levels off the east of Canada and northeast US. The surge models for the RDSPS and RESPS
have grid spacings of 1/30 and 1/12 respectively. The models are driven by surface air pressure and
10 m winds generated by operational global deterministic and ensemble prediction systems that are
run operationally by the Canadian Meteorological Centre. Surge forecasts are evaluated for the period
1 March, 2013 to 31 March 2014. Based on traditional statistics (e.g., standard deviation of the difference
between observations and predictions) both systems are shown to have skill in forecasting surges six
days into the future. It is shown however that skill exists beyond six days if allowance is made for errors
in the timing of large surges. The usefulness of the RESPS is demonstrated for two positive surges (impor-
tant for coastal ﬂooding and erosion) and a negative surge (important for safe navigation in shallow
water). It is shown that the RESPS can identify events not forecast by the RDSPS, and can also add useful
additional information on the timing of the surge, an important consideration in tidally dominated
waters. Several new types of display are used to illustrate the sort of information that can be generated
by the RESPS to support the issuers of warnings of unusually high and low total water levels.
Crown Copyright  2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Storms and hurricanes have caused severe damage to coastal
infrastructure and loss of life along the east coast of Canada and
the northeast US. One of the earliest recorded events occurred in
1775 when a hurricane produced a large storm surge that resulted
in the death of about 4000 people in and around Newfoundland
(Rappaport and Ruffman, 1999). In 1869, the Saxby Gale storm,
also known as the Great Northeastern Rainstorm, caused extensive
ﬂooding in New England and the Maritime Provinces, along with
many deaths and much damage (Abraham et al., 1999). The
Ground Hog day storm of 1976 generated surge levels of 1.2 m at
Saint John and 1.5 m at Yarmouth leading to tens of millions of dol-
lars of damage (Parkes et al., 1997). The 21 January 2000 storm
generated surge levels exceeding 1.4 m and caused extensive dam-
age to Prince Edward Island, and throughout the Gulf of St Law-
rence including ﬂooding of homes and businesses (e.g.,
Bobanovic´ et al., 2006). In 2003 Hurricane Juan made landfall just
west of Halifax. It generated a major surge (1.5 to 2.0 m) that
fortunately did not coincide with high tide thereby limiting thedamage that was nonetheless extensive and included the loss of
buildings, wharves, and boats. More recently, in early December
2010, a large storm generated a surge of about 1 m that battered
the shorelines of the St Lawrence River and Estuary (see Fig. 1).
This storm resulted in the evacuation of several coastal communi-
ties and caused signiﬁcant loss of property and infrastructure,
including houses and roads. In 2013 the same area was threatened
by an unnamed storm that generated a surge (0.6 m) which fortu-
nately did not coincide with high tide.
Large negative surges in shallowwater can also threaten marine
activities such as commercial navigation if they occur at low tide.
For example, in the tidally-dominated Bay of Fundy, where condi-
tions vary from exposed mudﬂats to tens of meters of water in just
a few hours, a strong negative surge can reduce the times during
which vessels can safely reach, or leave, local harbors.
Worldwide, coastal ﬂooding continues to receive considerable
attention from both the research and operational communities
(e.g., Lowe et al., 2010). Several countries have already developed,
and implemented, ﬂood forecast systems (e.g., Flather, 2000;
Verlaan et al., 2005; Daniel et al., 2009; Lane et al., 2009; Werner
et al., 2009; Ji et al., 2010). Recently, ensemble storm surge forecast
systems have started to appear in operational centers. Flowerdew
et al. (2010), were the ﬁrst to describe an operational ensemble
N.B. Bernier, K.R. Thompson /Ocean Modelling 86 (2015) 114–127 115surge prediction system. It initially had lead times of 54 h and was
driven by regional atmospheric ensemble forecasts. It has subse-
quently been updated to have lead times of 7.25 days by extending
the regional forcing with global atmospheric ensemble forcing
ﬁelds (Flowerdew et al., 2013). The major advantage of an ensem-
ble approach is that it leads to estimates of the uncertainty in the
forecasts of surge amplitude and timing resulting from the uncer-
tainty in atmospheric forecasts. The primary disadvantage is the
increase in the computational cost of running the surge model
for each ensemble member.
In the late 1990s, the Meteorological Service of Canada (MSC)
acquired Dalcoast (Bobanovic´, 1997), a storm surge forecast system
for the east coast of Canada based on the depth-integrated, baro-
tropic and linearized form of the Princeton Ocean Model (Mellor,
1998). Although the original forecast system has not been
upgraded by MSC, the numerical model has been improved over
the years, e.g., inclusion of nonlinear terms and tidal forcing. It
has also been used to map and project the probability of extreme
sea levels for Atlantic Canada (Bernier and Thompson, 2006), help
hindcast oceanographic conditions in Halifax Harbour (Shan et al.,
2011), perform case studies of speciﬁc Atlantic storm surges (e.g.,
Bobanovic´ et al., 2006), examine tide-surge interaction (Bernier
and Thompson, 2007), and perform tide and surge energy budgets
(Bernier and Thompson, 2010). In all of the aforementioned stud-
ies, Dalcoast was shown to give realistic simulations of surges off
the east coast of Canada. One reason for the success of Dalcoast
is that the continental shelf in this region is quite wide and the
sea level response to wind forcing is relatively large and simple
to model (e.g., it is primarily barotropic and linear). The success
of the surge model is thus strongly inﬂuenced by the quality of
the wind and atmospheric forecasts provided by Environment Can-
ada which, fortunately, are of high quality (e.g., CMC, 2013a). The
present study uses the same conﬁguration as that used in the
above mentioned studies of Bernier and Thompson (2006, 2007,
2010).
The present study has three primary objectives: (i) Describe the
major improvements that have been made to the real-time deter-Fig. 1. Domain of the surge forecast model and the locations of the tide gauges used for m
depth (m). (For interpretation of the references to color in this ﬁgure legend, the readerministic surge forecast system for the east coast of Canada. These
improvements include increased horizontal resolution, inclusion
of nonlinear terms in both momentum and continuity equations,
and a better representation of the atmospheric forcing; (ii) Evalu-
ate a new ensemble-based approach to surge forecasting. This is
the ﬁrst time that such a system has been constructed and evalu-
ated for the east coast of Canada. We will use storm surge models
with a horizontal resolution of 1/12 (for ensemble forecasts) and
1/30 (for deterministic forecasts) to demonstrate an increase in
the lead time of useful forecasts from two to six days; (iii) Explore
novel ways of visualizing the results from the ensemble forecast
system. We provide examples of spatial maps of probability-based
forecasts in order to identify areas at risk of ﬂooding. The period of
study for both deterministic and ensemble forecast system is 1
March 2013 to 31 March 2014. Particular attention is paid to a rel-
atively large positive surge that occurred in March 2013, and a neg-
ative surge in April 2013, both observed at Rimouski in the St
Lawrence River. A large surge on 14 February 2014 is also used
to demonstrate the utility of the visualizations of the probability,
and timing, of future ﬂooding.
The surge models used for the deterministic and ensemble
surge forecasts are described in Section 2. The sea level observa-
tions are summarized in Section 3. The surge forecast cycle, includ-
ing the generation of the atmospheric forcing ﬁelds, is described in
Section 4. The validation of the deterministic and ensemble fore-
casts is presented in Section 5. The new maps of probability and
timing of ﬂooding are illustrated in Section 6 and the results of
the study are summarized, and discussed, in the ﬁnal section.
2. Dynamical model
The domain of the surge models used for both deterministic and
ensemble forecasting covers most of the continental shelf off the
east coast of Canada and northeast US, from northern Labrador to
Cape Cod in the southern Gulf of Maine (Fig. 1). The models differ
only in their horizontal resolution and eastern boundary location
(Table 1).odel validation (dots with station codes, see Table 2). The blue shading shows water
is referred to the web version of this article.)
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The model has subsequently been extended to include non-linear
terms. It solves the following depth-averaged barotropic momen-
tum and continuity equations:@u
@t
þ u  ruþ f  u ¼ grgW þ
ss  sb
qh
þ Ar2u ð1Þ@gW
@t
þ @ðHuÞ
@x
þ @ðHvÞ
@y
¼  @gP
@t
ð2Þwhere u ¼ ðu; vÞ is the depth-averaged horizontal velocity, f is the
upward pointing unit vector scaled by the Coriolis parameter, ss and
sb denote the surface and bottom stress, h is the mean water depth,
A ¼ 2 105 m2 s1 is the horizontal viscosity, and H ¼ hþ gP þ gW
is the total water depth. Note the forecast surge (gS) has been writ-
ten in the form gS ¼ gP þ gW where gP is the inverse barometer
effect (driven by variations in air pressure) and gW is the isostati-
cally-adjusted surge level (e.g., Gill, 1982).
The kinematic surface stress magnitude, cdðWÞW2, depends on
the following drag coefﬁcient103cd ¼ 1:2; jWj < 11 m s
1
0:49þ 0:065W; jWjP 11 m s1
(
ð3Þwhere W is the wind speed. (This formulation is based on an eval-
uation of a wide range of drag formulations for surge forecasting by
Bernier, 2005.) The bottom stress is expressed as cdbuðu2 þ v2Þ1=2
where cdb is the bottom drag (taken to be 2:5 103). A Flather-type
radiation condition (Davies and Flather, 1978) is applied at the
model’s open boundaries including the Bay of Fundy and St Law-
rence River (leading to more realistic propagation of the surge in
these two regions).
Tidal forcing is not applied to the boundaries of the surge model
for the experiments described in this article. Although tide-surge
interaction has been shown to occur in the study area (Bernier
and Thompson, 2007), it is both intermittent and localized (e.g.,
within the Northumberland Strait, the Grand Banks, the Gulf of
Maine-Bay of Fundy system, and Strait of Belle-Isle). Total sea lev-
els have been approximated here by the linear superposition of the
tide (gT) and surge (gS). The addition of tidal forcing to the opera-
tional forecast system will be part of a future update.Table 1
Details of the deterministic and ensemble prediction systems for the atmosphere and
surges. For all systems we focus only on forecasts with lead times up to 10 days.
Atmospheric systems
Global deterministic
prediction system
Global ensemble prediction
system
Acronym GDPS GEPS
Grid spacing 25 km 66 km
Output 1 hourly: hour 0 to 144 1 hourly: hour 0 to 168
3 hourly: hour 144 to 240 3 hourly: hour 168 to 240
Ensemble 1 control, 20 perturbed
Surge systems
Regional deterministic surge
prediction system
Regional ensemble surge
prediction system
Acronym RDSPS RESPS
Domain 44.00 to 72 W 44.33 to 72 W
42.00 to 60 N 42.00 to 60 N
Grid spacing 1/30 1/12
Output Hourly Hourly
Ensemble 1 control, 20 perturbed3. Sea level observations
Observations of hourly sea level from the 22 tide gauges shown
in Fig. 1 are used for model validation. (The latitudes and longi-
tudes of the gauges are given in Table 2.) Most of the observed
records are incomplete (see fourth column of Table 2). Visual
inspection revealed that some records displayed clear datum shifts
and unrealistic spikes. Clearly erroneous observations were
removed prior to processing.
To a ﬁrst approximation, observations of hourly total water
level can be decomposed as follows:
gobs ¼ gS þ gT þ gE ð4Þ
where gobs denotes the observed sea level, gS denotes the storm
surge, gT denotes the tide, and gE denotes an ‘‘error’’ (e.g., observa-
tion errors, contributions from additional processes such as seiches
and baroclinic changes driven by the input of freshwater and sur-
face heating).
The simplest way to obtain the tidal component gT is to regress
the observed sea level record on a linear combination of sinusoids
with known astronomical frequencies and estimate the unknown
amplitudes and phases statistically. In reality, tides are not purely
deterministic and can vary with environmental conditions (e.g.,
Howarth, 1998). In the present study area, a large fresh water dis-
charge from the Saguenay fjord into the St Lawrence River is mod-
ulated seasonally by the freeze–thaw cycle north of the river. Fresh
water ﬂowing into the river, entering west of Rimouski (station 14,
Fig. 1) is known to be advected through the Gulf of St Lawrence and
along the Scotian Shelf (offshore of Halifax, station 7, Fig. 1). There
is evidence that this baroclinic signal can cause the tides to change
throughout the year, (e.g., Ohashi et al., 2009). Other processes
such as tide-surge interaction can also modify the tides locally
(Bernier and Thompson, 2010).
Given the possibility of environmentally-related variability in
the tidal component, we have split gT into a ‘‘deterministic’’ tide
(gTD) and a non-deterministic component that we will henceforth
call the tidal ‘‘remnant’’ (gTR):
gT ¼ gTD þ gTR ð5Þ
Combining (4) and (5) we obtain the following expression for the
tidal residual:
gobs  gTD ¼ gS þ gTR þ gE ð6Þ
In practice, we estimate gTD from the observed sea level record
using the tidal analysis package of Pawlowicz et al. (2002) and then
estimate gTR by bandpass ﬁltering the tidal residual gobs  gTD to
suppress energy outside of the diurnal and semi-diurnal frequency
bands. (Two Butterworth bandpass ﬁlters were used. One ﬁlter cov-
ered the semi-diurnal frequency band (periods of 11 to 14 h) and
the other covered the diurnal band (periods of 22 to 26 h). Each ﬁl-
ter was third order and applied both forward and backward in time
to eliminate time lags.) The decomposition of an observed sea level
record into its various components is illustrated in Fig. 2 for the
Rimouski tide gauge (station 14, Fig. 1). The standard deviations
of the various sea level components for Rimouski, and the remain-
ing 21 stations, are listed in Table 2.
As expected, the largest standard deviations of hourly sea level
(robs, Table 2) are found at Saint John, which is within the tidally
resonant Bay of Fundy system. The standard deviation of the deter-
ministic tide (see column labeled rTD) is generally quite close to
robs at all stations, highlighting the dominant contribution of tides
to the observed sea level variability in the study area. The standard
deviation of the tidal residual (robsTD) ranges between 10.3 cm on
the Labrador Shelf (Nain), and 19.2 cm adjacent to the shallow
waters surrounding the southern Gulf of St Lawrence. This residual
variability is due primarily to the effect of atmospheric forcing on
Table 2
Summary of sea level observations used to validate the surge forecasts. The ﬁrst 4 columns give the code and location of tide gauges, their latitude N and longitude W, and
percent of complete hourly data. The remaining columns show the standard deviation (in cm) of gobs; gTD; gobs  gTD; gTR and gobs  gTD  gTR .
Station code and name Lat Lon Data robs rTD robsTD rTR robsTDTR
1 Boston 42.36 71.05 100.0 103.0 102.2 12.8 2.2 12.5
2 Portland 43.66 70.25 92.2 102.6 102.0 11.2 2.0 11.0
3 Bar Harbor 44.39 68.21 92.2 117.0 116.5 10.6 2.1 10.3
4 Eastport 44.92 67.17 100.0 195.5 195.2 11.1 3.4 10.4
5 Saint John 45.25 67.06 75.8 817.6 817.5 10.5 3.1 9.9
6 Yarmouth 43.83 66.12 92.2 123.3 122.6 11.5 2.5 11.2
7 Halifax 44.67 63.58 62.0 48.8 47.5 11.2 3.0 10.7
8 North Sydney 46.22 60.25 96.6 31.8 29.6 11.6 1.6 11.4
9 Charlottetown 46.23 63.11 56.1 62.7 60.3 17.1 5.1 16.0
10 Shediac Bay 46.23 64.55 57.6 31.8 25.4 19.2 5.4 18.2
11 Lower Escuminac 47.08 64.88 96.4 31.7 26.9 16.7 3.8 16.1
12 Belledune 47.90 65.85 96.0 53.0 50.3 16.8 4.2 16.0
13 Rivière-au-Renard 49.00 64.38 98.2 43.9 41.4 14.6 3.9 13.9
14 Rimouski 48.48 68.51 97.5 99.8 98.2 17.1 5.2 16.0
15 Sept-Iles 50.19 66.38 98.4 73.4 71.4 16.7 4.5 15.9
16 Cap-aux-Meules 47.38 61.86 99.1 24.0 20.0 13.3 2.4 12.9
17 Port-aux-Basques 47.57 59.13 89.8 36.3 34.1 12.2 2.1 11.9
18 St Lawrence 46.92 55.39 95.7 50.9 48.9 13.9 3.6 13.3
19 Argentia 47.30 53.98 66.8 54.3 52.9 11.5 1.8 11.3
20 St John’s 47.57 52.72 96.0 32.1 29.1 13.7 1.7 13.5
21 Bonavista 48.65 53.12 95.1 28.7 25.6 13.0 1.3 12.9
22 Nain 56.55 61.68 63.9 61.5 60.7 10.3 2.4 10.0
04/2013 07/2013 10/2013 01/2014 04/2014
−1
0
1
Tidal residual
26/01 27/01 28/01 29/01 30/01
−1
0
1
Tidal remnant
26/01 27/01 28/01 29/01 30/01
−1
0
1
Tidal residual Tidal residual−Tidal remnant
Time
Fig. 2. Illustration of the calculation of the tidal remnant. The top panel shows the tidal residual, gobs  gTD , for Rimouski (station 14). The deterministic tide was calculated
using the analysis package of Pawlowicz et al. (2002). The middle panel shows the tidal remnant, gTR , obtained by ﬁltering the residuals to pass variations in the diurnal and
semi-diurnal tidal bands. (Gaps in the tidal residual record were ﬁlled by zeros prior to ﬁltering.) The bottom panel shows the tidal residual (black, same as top panel) and also
the difference between the residual and the remnant (gobs  gTD  gTR). The top panel covers the complete period of study; the other two panels cover 20UTC, 25 January to
20UTC, 30 January 2014 (shown by the red lines in the top panel). All sea levels are in m. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
N.B. Bernier, K.R. Thompson /Ocean Modelling 86 (2015) 114–127 117synoptic scales. The standard deviation of the tidal remnants (rTR)
is largest in the southern Gulf of St Lawrence (typically larger than
about 4 cm but note that the remnant is intermittent and this
reduces the standard deviation when calculated over a year long
record). Elsewhere rTR is typically 2 to 3 cm. The ﬁnal column of
Table 2 lists the standard deviation of the tidal residual minus
the tidal remnant (i.e., gobs  gTD  gTR ¼ gobs  gT). As expected,
robsT is close to robsTD because the tidal remnants are small com-
pared to the residuals.In Section 5 we compare the surge forecasts (an estimate of gS)
to the tidal residuals. Based on (6), we anticipate differences due to
errors in modeling the surge, but also the tidal remnant and other
factors represented by gE (e.g., observation errors, seiches, subtidal
baroclinic changes). We will also compare the surge forecast to
gobs  gTD  gTR. This corresponds to having access to an accurate
prediction of the tide. In Section 6 we will treat the tidal remnant
as unknown and use it to adjust the site-speciﬁc probability of
exceeding a given critical level at some future time.
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The atmospheric forecast systems that provide the forcing for
the regional surge prediction systems are summarized in Sec-
tion 4.1. The forecast cycles for the surge prediction systems are
described in Section 4.2.4.1. Atmospheric forecast systems
Details of the global deterministic and global ensemble atmo-
spheric prediction systems (GDPS and GEPS respectively) are given
in Table 1. Both atmospheric forecast systems went through major
upgrades, and became operational, in mid-February 2013. Given
the extent of the upgrades, all surge forecasts evaluated in this
study are limited to those driven by the upgraded atmospheric
forecast systems; unfortunately no atmospheric forcing ﬁelds are
available before mid-February 2013. The atmospheric forecast sys-
tems are brieﬂy described below.
The regional deterministic and ensemble surge prediction sys-
tems are driven by 10 m wind and surface air pressure produced
twice daily, 00UTC and 12UTC, by the GDPS and GEPS (Table 1).
The forecast component (GEM) of the GDPS and GEPS was devel-
oped at Environment Canada by Côté et al. (1998,). Over the years,
GEM has undergone many upgrades. In the GDPS, GEM now oper-
ates on a vertically staggered Charney–Phillips grid (Charney and
Phillips, 1953), with a coordinate of the type log-hydrostatic pres-
sure (Girard et al., 2013). Since 13 February 2013, the GDPS has
operated with a grid spacing of approximately 25 km, with
updated physics and data assimilation (see CMC, 2013a for details).
The initial conditions for the GEPS are the result of a recently
updated ensemble Kalman ﬁlter which operates at increased hori-
zontal and vertical resolution (Houtekamer et al., 2014). Two sto-
chastic procedures (stochastic perturbation of the physical
tendencies, and stochastic kinetic energy backscatter, Charron
et al., 2010) are used to randomly sample model uncertainty. In
addition, different members of the ensemble use different combi-
nations of physical parameterizations (Houtekamer et al., 2014).
This includes the use of (i) the Kuo (Geleyn, 1985) and the Kain
and Fritsch (1993) convective schemes, (ii) weak to strong gravity
wave drag schemes, (iii) the Bougeault (Bougeault and Lacarrère,
1989) and Blackadar (Blackadar, 1962) mixing length schemes,
(iv) various degrees of vertical diffusion, and (v) different strengths
of the orographic blocking scheme (e.g., Zadra et al., 2003). The
ensemble includes a control member and 20 perturbed members
(hereafter the ‘‘20 + 1’’ ensemble). The latest version of GEPS oper-
ates with a grid spacing of approximately 66 km. Speciﬁcs of this
most recent upgrade are given by CMC (2013b).Fig. 3. Schematic of the deterministic and ensemble surge prediction systems.
Atmospheric model refers to either the GDPS or a member of the GEPS. Similarly,
storm surge model refers to either the RDSPS or the RESPS. The atmospheric restarts
are produced every 12 h. The atmospheric forcing ﬁelds (i.e., surface air pressure
and 10 m winds) over the ﬁrst ﬁve hours following the restart are a blend of old and
new forecasts (blue boxes, see Section 2 for details). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)4.2. Surge forecast systems
The regional deterministic and ensemble surge prediction sys-
tems (RDSPS and RESPS) are summarized in Table 1. The ﬁrst inte-
gration of both surge models starts from an ocean at rest and is
subsequently driven by the surface air pressure and 10 m winds
from the GDPS and GEPS. The atmospheric forcing ﬁelds were
mapped to the surge grid taking particular care not to bias the
wind speed estimates near the coast by using winds over land in
the interpolation procedure. This addresses a long standing issue
with the existing surge forecast system and resolves a potential
issue for the lower resolution GEPS where the land-sea mask dif-
ferences between the surge and atmospheric systems can span
several surge model grid points.
To propagate surge information between forecasts, the model
state for each forecast run (deterministic and each ensemble run)
for hour 12 of integration was saved to be used in lieu of ananalysis in the next forecast cycle. This ensures that each ensemble
member retains its own restart and the ensemble spread, that was
built over the ﬁrst 12 h of the previous integration, is conserved at
the time of the next initialization.
Temporal blending is applied to the ﬁrst ﬁve forecast hours of
the atmospheric forcing ﬁelds to ensure a smooth transition
between surge forecasts (blue boxes, Fig. 3). The blending is partic-
ularly important for ensemble forecasts because they are subject to
perturbations (CMC, 2013b) and this can generate large scale
shocks of the surge models. Given the spindown time of the surge
model is several days, failure to smooth rapid transitions in the
forcing ﬁelds can generate signiﬁcant noise.
The cost of running each of the 21 members of the ensemble
surge forecast system (horizontal resolution of 1/12) is roughly
10% of the cost of a run of the deterministic model (1/30). The
overall cost of the full ensemble is thus approximately twice that
of the deterministic system. For the ensemble system, the resolu-
tion and resources were chosen so that the full ensemble wall-
clock time does not exceed 10 min. (This can be achieved by run-
ning all members at the same time on a small number of cpus, or
running them in sets with more cpus per ensemble member.)
The choice of resolution and resources, assigned to the determinis-
tic and ensemble systems, was inﬂuenced by operational
constraints.
5. Validation of the surge forecasts
Ten day surge forecasts were produced from 15 February, 2013
to 31 March, 2014 using the RDSPS and the RESPS. The evaluation
period excludes the ﬁrst two weeks of the integration period and
thus starts on 1 March, 2013 and ends on 31 March, 2014. A rela-
tively large positive surge event was recorded at several stations in
March 2013, and this was followed in April by a negative surge of
similar amplitude. Both events were observed by the Rimouski tide
gauge (station 14, Figs. 1 and 4); they are used below to demon-
strate the forecast skill of the RDSPS and RESPS, and also the visu-
alization of the ensemble forecasts.
5.1. Deterministic forecasts
Surges forecast by the RDSPS for Rimouski are compared against
the tidal residual gobs  gTD for forecast days 1, 3, 5, and 7 in Fig. 4.
The day 1 forecasts (top panel, red line) are obtained by concate-
nating the surges from every 00UTC run, valid between hours 1
−0.5
0
0.5
Obs
Day 1
−0.5
0
0.5
Obs
Day 5
−0.5
0
0.5
Obs
Day 3
−0.5
0
0.5
Obs
Day 7
15 Mar 2013 31 Mar 2013 15 Apr 2013 30 Apr 2013
Fig. 4. Deterministic forecasts for Rimouski (station 14, Fig. 1) from the RDSPS. The black line is gobs  gTD (same for all panels). The colored lines are 00UTC forecasts made for
speciﬁc lead times (see text for details). Sea levels are in m.
N.B. Bernier, K.R. Thompson /Ocean Modelling 86 (2015) 114–127 119and 24. Similarly, the day 3 forecasts (second panel) correspond to
concatenation of forecast hours 49 to 72 for each day, and so on for
the day 5 and day 7 forecasts. This ﬁgure shows that the RDSPS can
forecast the detided hourly observations (gobs  gTD, black line in all
panels) quite well in terms of amplitude. It can also be seen that
errors in the timing of the peaks grow as the forecast lead time
increases (e.g., see the negative surge peak for the day 7 forecast)
and some events are missed completely (e.g., the third highest
surge in the record, observed near the beginning of April).
A quantitative assessment of the surge forecasts (henceforth g^S)
is provided by plots of the standard deviation of gobs  gTD  g^S
against lead time for each of the 22 tide gauges (top left panel of
Fig. 5). Each station corresponds to a different line: results for
Rimouski are shown by the red line. To further assess the perfor-
mance of the model, we have used the c2 statistic (c2, bottom left
panel of Fig. 5) which is simply the variance of the differencebetween observation and prediction divided by the variance of
the observations. If the model is perfect (the prediction is identical
to the corresponding observation) then c2 will equal zero. If the
variance of the prediction error is very large compared to the
observation variance, c2 will greatly exceed unity. If c2 ¼ 1 the pre-
dictive skill of the model is no better than a prediction based on a
constant value. In the present study the observations correspond to
observed residuals, the predictions are from either the RDSPS or
the RESPS, and we have calculated c2 for speciﬁc lead times. For
lead times for which c2 is less than 1, the model is skillful in the
sense that it outperforms the use of a constant value as a predictor.
These two panels conﬁrm that the forecast skill of the RDSPS is at
least as good as those obtained by Bernier and Thompson (2010)
using higher resolution atmospheric forcing ﬁelds (15 km) but a
lower resolution surge forecast model (1/12). The forecast skill
of the RDSPS is signiﬁcantly higher than the skill of the earlier
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Fig. 5. Validation of surge forecasts with lead times up to ten days. The left panels are for the RDSPS, and the right panels are for the control run of the RESPS. The top panels
show the standard deviation (in m) of the surge forecast error (gobs  gTD  g^S) at each of the 22 tide gauges; the results for Rimouski are shown in red. The bottom panels
show c2 = var(gobs  gTD  g^S)/var(gobs  gTD). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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due to problems with earlier changes to the model’s restart
procedure.
It is clear from Fig. 5 that the forecast errors of the RDSPS are
fairly stable for the ﬁrst two days, and then start to increase more
rapidly beyond. (Note the plot of c2 versus lead time for some of
the stations show weak oscillations with periods of about 12 h.
This is the result of semi-diurnal tidal remnants contaminating
the tidal residual.) We conclude that the RDSPS has skill at all sta-
tions (c2 < 1) for lead times less than about six days. The variation
in c2 with lead time is in general agreement with the observed
increase in the variance of atmospheric forecast errors. The fact
that forecast errors are relatively stable over the ﬁrst two days of
integration suggests that updating the forecasts four times daily,
to match updates in the GDPS, as opposed to twice daily, is unlikely
to result in more accurate short-range surge forecasts.
It is important to note that the two statistics plotted in Fig. 5 are
fairly unforgiving in the sense that they can be inﬂated signiﬁ-
cantly by small errors in the timing of short-lived extreme events
(e.g., compare top and bottom panels of Fig. 4). Even though the
intensity of a storm may be accurately predicted long before it
occurs, small errors in its location and trajectory can inﬂuence
the timing of the forecast surge and thereby inﬂate error statistics
like c2. This means that the limit of useful predictions by the
RDSPS, inferred using c2, may exceed six days (e.g., see bottom
panel, Fig. 4). This leads us to ask if an ensemble-based approach
can generate useful forecasts for longer lead times.
5.2. Ensemble forecasts
Ensemble forecasts of the positive and negative surge events
identiﬁed above are shown in Fig. 6 for Rimouski. In each panel,
the complete 10 day ensemble forecasts are presented instead of
forecasts for speciﬁc days. The x-axis show the date on which the
forecast was generated. The ‘‘Day 3’’ forecasts (top left panel) were
produced three days prior to the observed positive surge event
(forecast hours 49 to 72). The gray lines show the 21 ensembleforecasts and the red line shows the forecast by the RDSPS for
the same period. It can be seen that the RESPS can identify events
not forecast by the RDSPS. For example, the surge peak on Day 4
was identiﬁed by some ensemble members but was missed by
the RDSPS (red line). This ﬁgure also shows that for long lead times,
some events (e.g., the large negative surge) continue to be forecast
by most ensemble members but the spread, in both amplitude and
timing, increases. This highlights the need for new ways of extract-
ing information from ensemble surge forecasts. We return to this
point in Section 6.
To compare the RDSPS and RESPS we have plotted the standard
deviation of gobs  gTD  g^S against lead time where g^S is the surge
forecast by the control member of the ensemble (Fig. 5, upper right
panel). We also plot (lower right panel) c2 for the control member
of the ensemble. It can be seen that the control member agrees
with the sea level observations almost as well as the deterministic
forecast by the higher resolution RDSPS.
The winter of 2014 was particularly active in the Northwest
Atlantic basin. This is reﬂected in the plots of the tidal residuals
from 15 January to 1 March, 2014, observed at four stations in
the Gulf of St Lawrence (Fig. 7). It is unusual for this region to have
so many large surge events in such a short period. Fig. 7 also shows
the day 4 deterministic and ensemble forecasts (red and gray lines
respectively). In general, both systems predict surges well for the
whole period. Towards the end of February a surge of about
0.5 m is predicted but with signiﬁcant uncertainty. This illustrates
a major advantage of ensemble surge forecasts systems: an indica-
tion of the sensitivity of the forecasts to plausible changes in wind
and air pressure forcing ﬁelds. Note that even though a large surge
event was not observed near the end of February, the ensemble
forecast is still consistent with the observation because the ensem-
ble spread covers the observation.
Talagrand diagrams (e.g., Hamill, 2001) are a useful way of
assessing the quality of ensemble forecasts. Such diagrams are
used to check for systematic discrepancies such as bias and ensem-
bles that are over or under-dispersive. Talagrand diagrams, based
on data for all times and locations, are shown in Fig. 8. The upper
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Fig. 6. Ensemble forecasts for Rimouski for the positive (left panels) and negative (right panels) surge event of March and April, 2013 respectively. The black line is gobs  gTD
and the red line is the deterministic forecast. Gray lines are ensemble forecasts. The day 3 forecasts (top row) are forecasts with the ﬁrst positive peak (left column) and ﬁrst
negative peak (right column) falling between hours 49 and 72 (i.e., the third day). Day 4 (second row) is similar but with the observed event falling in the fourth day of the
forecast. Similarly for forecast days 5 and 6. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the tidal residuals (gobs  gTD); the lower panels were based on
gobs  gTD  gTR (i.e., the tidal remnants were assumed known or,
equivalently, energy in the tidal residuals at diurnal and semi-diur-
nal frequencies was removed by bandpass ﬁltering). Each panel
corresponds to a speciﬁc forecast day, i.e., calculated using a subset
of forecast hours such as hours 49 to 72 for day 3.
Given an ideal system, the probability that the observation will
fall in a given bin is equally likely and the distribution should be
ﬂat. The overall ‘‘U’’-shape evident in the Talagrand diagrams
(Fig. 8) indicates that the spread of the ensemble is too small
(i.e., the system is under-dispersive). This is not surprising because
a recent analysis of the surface ﬁelds from the GEPS revealed that
they are themselves under-dispersive (CMC, 2013b). It is also
important to mention that, in terms of storm surge modeling, the
resolution of the forcing ﬁelds (approximately 66 km) is low. At
such resolution, strong atmospheric systems have a tendency to
be under-predicted, resulting in under-predicted surges (both
positive and negative). Inﬂation of the forcing ﬁelds to compensatefor these effects was considered however, the under-forecasting
does not have a simple relation to the strength of the storm and
so other methods are currently under investigation.
6. Visualizing ﬂooding risk
We now explore different ways of visualizing the output from
the RESPS. We ﬁrst explore the use of spatial maps of (i) surge
exceedance probability over a given time window, and (ii) uncer-
tainty in the timing of the forecast surges. We then consider the
use of site speciﬁc results for total water level, using Rimouski
for illustration.
6.1. Spatially dependent forecasts
It is straightforward to produce spatial maps of the probability a
surge will exceed a speciﬁed critical level, and also uncertainty in
the timing of the peak. The idea is illustrated in Fig. 9 for the storm
that generated the positive surge event observed at Rimouski on 22
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00UTC run, 18 March 2013. Before presenting the results from the
RESPS we ﬁrst describe the deterministic forecasts.
The deterministic forecasts are shown in Fig. 9(a) and (b). The
left panel shows the maximum deterministic forecast of gS that
occurs during day 5, i.e, at every grid point, the maximum surge
forecast at any time between forecast hours 97 and 120 is calcu-
lated and then all grid point maxima are mapped. Such a map high-
lights the magnitude and extent of the surge. The right panel
shows when the peak of forecast surge occurred. Clearly the RDSPS
predicts a positive surge in the St Lawrence River and southern
Gulf of St Lawrence during day 5 that will exceed about 0.7 m.
The timing is quite variable (note that timing is only relevant for
areas where a large surge is forecast).
The ensemble forecasts from the RESPS are shown in Fig. 9(c)–
(f). The probability that the surge level will exceed 0.4 and 0.6 msome time during day 5 is shown in Fig. 9(c) and (e). The probabil-
ity is calculated from the ensemble of forecasts in two steps: (i) the
maximum forecast surge for day 5 (i.e., between forecast hours 97
to 120) is calculated for each ensemble member and grid point.
(Note that this calculation is independent of threshold.) (ii) The
percentage of maxima greater than a speciﬁed critical level are
then calculated for each grid point. According to Fig. 9(e) the most
probable region for an exceedance of 0.6 m is in the vicinity of She-
diac and in the St Lawrence Estuary. The observed surge maximum
for this day exceeded 0.6 m at Charlottetown and Shediac. At the
other tide gauges the observed peaks ranged between 0.4 and
0.6 m except Port-aux-Basque where it slightly exceeded 0.6 m.
These observations are in general agreement with the probability
maps which indicate likely exceedances of 0.4 m over much of
the Gulf, and 0.6 m in the southwest region of the Gulf of St Law-
rence where Charlottetown and Shediac are located.
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Fig. 8. Talagrand diagrams for ensemble forecasts from the RESPS based on observations and forecasts for all stations and times. The upper panels are based on comparisons
of gobs  gTD with the ensemble; the lower panels are based on gobs  gTD  gTR .
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ﬂooding in tidally dominated regions. The ability to assess if an
event is likely to occur at or near high tide is one of the attractions
of ensemble forecasts. As noted above, the maximum surge over a
given time window is independent of the critical level. The same is
true of the time of the maximum. Fig. 9(d) shows the median of the
ensemble of times of maximum surge for each grid point. As
expected the median times are similar to the times of maxima of
the deterministic forecasts (compare panels b and d). The ensem-
ble of daily maxima for each grid point also allows us to calculate
the uncertainty in the timing of the maximum. This is shown in
Fig. 9(f) by the interquartile range of the times of maxima.
Another example of the use of spatial maps to visualize the out-
put from the RESPS is shown in Fig. 10 for 14 February, 2014. Here
the RESPS correctly forecasts a large surge of almost 1 m, with a
lead time of four days, in the southern Gulf of St Lawrence (see sta-
tion 11, Fig. 7).
6.2. Site speciﬁc forecasts
The hourly sea level observed at Rimouski for 22 March, 2013 is
shown by the black line in the leftmost panel of Fig. 11. The max-
imum total sea level observed during this day is 1.7 m and is indi-
cated by the horizontal dotted line.The red line shows the ﬁve day forecast of total water level
obtained by adding the deterministic tide to the surge forecast
by the RDSPS (g^RDSPSS þ gTD). Clearly this deterministic forecast of
total water level under predicts the observed daily maximum.
The ﬁve day forecasts of total water by each member of the RESPS
ensemble (g^RESPSS þ gTD, gray lines) exhibit variability as expected;
one member of the ensemble has a daily maximum that exceeds
the observed daily maximum (gray line above the horizontal
dashed line).
In a forecast situation the tidal remnant will generally be poorly
known. To allow for this uncertainty we generated random tidal
remnants (~gTR) and added them to the forecasts by the RDSPS
and RESPS. (The ~gTR were generated by randomly selecting a start
time in the vicinity of the forecast day, and then subsampling 24
consecutive values from the hourly gTR record.) It was then
straightforward to add this random remnant to the total water
level forecast and ﬁnd the daily maximum of g^S þ gTD þ ~gTR. This
was done for the RDSPS and each member of the RESPS multiple
times. The histograms of the daily maxima are shown in the middle
and right panel of Fig. 11. It is clear that the RDSPS forecast now
almost covers the observed daily maximum as a result of the
allowance that has been made for the uncertainty in the tidal pre-
diction. The RESPS forecast of daily maximum water level comfort-
ably covers the observed daily maximum for this speciﬁc case
Fig. 9. Forecast surges made on 18 March, 2013 for 22 March, 2013 (i.e., day 5). Top left panel: Maximum of the hourly deterministic forecast for day 5. Middle left panel:
Proportion of daily maxima of the ensemble forecasts for day 5 that exceed 0.4 m. Bottom left panel: Similar format to panel above except the critical level is 0.6 m. Top right
panel: Hour when the deterministic forecast reaches its peak. Middle right panel: Median of the hour when the ensemble forecasts reach their peak during day 5. Bottom right
panel: Interquartile range of the hour when the ensemble forecasts reach their peak.
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casts, in addition to uncertainty in the tidal prediction.
7. Summary and discussion
An improved regional deterministic surge prediction system
(RDSPS) for the east coast of Canada, and a new regional ensemble
surge prediction system (RESPS), have been described. Based on
validation using sea level observations from 22 tide gauges, for
the period 1 March 2013 to March 2014, we conclude both systems
have skill out to about six days. The RESPS was developed to help
identify events missed by the deterministic system. Based on the
validation study presented here, we conclude the RESPS can pro-
vide useful estimates of the uncertainty in surge forecasts resulting
from imperfectly forecast atmospheric conditions.
The atmospheric ﬁelds available to drive the RESPS have a rela-
tively low horizontal resolution and this contributes to under-pre-
diction of large surge events. Inﬂation of the atmospheric forecasts
was considered but the idea was rejected because of concern over
false alarms which could be quite damaging in terms of buildingthe public’s conﬁdence in a new ﬂood warning system. Instead a
severity index, based on the ensemble surge prediction system’s
ability to forecast extreme events, is under development. Over
the next several months the grid spacing of the atmospheric model
is scheduled to be reduced from 66 to 50 km and further reduc-
tions are planned for the coming years; this increase in horizontal
resolution will hopefully help solve the under-prediction problem.
There are also ongoing efforts to increase the spread of the atmo-
spheric ensemble. One approach that is presently under investiga-
tion is based on coupling the atmospheric model to an ocean wave
model thereby allowing the surface wind stress to depend on the
underlying ocean wave ﬁeld.
Recent studies suggest that the effect of wave-surge interaction
varies both spatially and temporally in our study area (e.g., Sun
et al., 2013; Chen et al., 2013). We recognize this is a potentially
important process that will need to be evaluated, and possibly
included, in future upgrades of our operational forecast system
for coastal sea level.
One attraction of the RESPS is that it provides a measure of
the uncertainty of the timing of future surge events. This is crit-
Fig. 10. Forecast surges made on 11 February, 2014 for 14 February, 2014 (i.e., day 4). Same format as Fig. 9. Note that the critical levels for the middle and bottom left panels
are 0.6 and 0.8 m.
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coastal ﬂooding, in tidally dominated regions; spread in the tim-
ing of the forecast peak is arguably as important as the spread in
the forecast amplitude in such regions. Similar conclusions apply
to negative surges, thereby illustrating the value of ensemble
forecasts for applications related to maritime navigation in shal-
low water.
To summarize the large amount of output generated by the RES-
PS we proposed two types of visualization. The ﬁrst included spa-
tial maps of (i) the probability a surge will exceed a speciﬁed
critical level sometime during a future 24 h period, (ii) the median,
and (iii) interquartile range of the time of the peak. Fig. 10 was
used to illustrate the idea using a large surge event that occurred
on 14 February, 2014 (Fig. 7). This surge had the potential to
impact the low lying areas along the coastline of New Brunswick
and the Magdalen Islands, and the erodible shores of Prince
Edward Island. According to Fig. 10(c), the RESPS forecast that
much of the region was at risk of experiencing a surge larger than
0.6 m, and New-Brunswick and Prince-Edward-Island were threa-
tened by a 0.8 m surge. Based on the median time of the forecast
surge (Fig. 10(d)) the peak was expected to propagate eastwardalong the coastline of New Brunswick and Prince Edward Island
(station 11, 10 then 8). The uncertainty in the timing of the peak
was estimated to be several hours (Fig. 10(f)). In principle, maps
such as these can be combined with deterministic predictions of
the tide to help decide if to issue a ﬂood warning. Clearly the value
of the above maps would be increased signiﬁcantly if they auto-
matically included the contribution of tides. Extension of the RESPS
to include realistic tides is underway.
The second type of visualization of RESPS output is site speciﬁc.
Estimates are provided of the probability that the total water level
for a given forecast day will exceed a speciﬁed critical level. Allow-
ance is made for uncertainty in the prediction of the tide (based on
randomly sampling the observed tidal remnant). It was shown that
this contribution was small in comparison to the effect of uncer-
tainty in the forecast of atmospheric conditions.
Both types of visualization explored in this study are easy to
interpret and simple and quick to construct from the output of
the RESPS. We note that many other types of visualization are pos-
sible and that the choice of which ones to generate operationally
will ultimately have to be made by those responsible for issuing
the ﬂood warnings.
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Fig. 11. Observed and ﬁve day forecasts of total water level (m) at Rimouski for 22
March, 2013. The observed sea level is shown by the black line (gobs) in the left
panel. The dashed line (all panels) shows the observed daily maximum. The red line
is the sum of the forecast by the deterministic model and the deterministic tide,
g^RDSPSS þ gTD . The gray lines show the corresponding ensemble forecasts, g^RESPSS þ gTD .
The middle and right panels are histograms of the daily maxima of total water level.
The middle panel is based on g^RDSPSS þ gTD þ ~gTR where ~gTR is a randomized tidal
remnant (see text). The right panel is for g^RESPSS þ gTD þ ~gTR . (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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range of useful forecasts for the east coast of Canada beyond the
present 48 h and also provide more useful information for estimat-
ing ﬂooding probabilities. As noted above, the addition of tidal
forcing to the models is planned for the next upgrade. The RDSPS
and RESPS were initially developed for the east coast of Canada.
A panCanadian expansion, including a migration to NEMO (the
Nucleus for European Modeling of the Ocean, Madec, 2008, EC’s
identiﬁed ocean forecasting system) is under investigation. The
performance of the regional systems presented here will be useful
in evaluating the performance of the NEMO-based system.
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